Abstract-Due to the advantages of Zero-Voltage-Switching (ZVS) and Zero-Current-Switching (ZCS), the LCLC resonant converters are universally applied in the two-stage Electronic Power Conditioners (EPCs) of the space Travelling-Wave Tube Amplifiers (TWTAs). In the two-stage EPCs, as the output voltage is regulated by the first stage, the main functions of the LCLC resonant converters are to boost the input voltage, provide galvanic isolation and keep high efficiency. However, the total power loss of the LCLC resonant converter is very challenging because of the multiple resonant components and their mutual couplings. In order to solve this problem, in this paper, a PSOalgorithm-based efficiency-oriented optimal design method of the LCLC resonant converter is proposed. Based on the analysis of the working principles, the total power loss, with consideration of all the power losses, including the driving loss and conduction loss of the main switches, transformer loss and power loss of the rectifiers, is calculated. After that, the total power loss is appointed as the objective function of the PSO algorithm, where the optimal circuit parameters are derived to minimize the total power loss. After the optimal circuit parameters are obtained, the LCLC resonant converter with the desired parameters will be built. Finally, the proposed PSO algorithm-based efficiency-oriented optimal design method is validated by an example.
I. INTRODUCTION (HEADING 1)
In an Electronic Power Conditioner (EPC) of a space Travelling-Wave Tube Amplifier (TWTA), the two-stage power converter structure, as illustrated in Fig. 1(a) is universally applied, where the first stage is a close-loop buck or boost converter while the second stage is an open-loop LCLC resonant converter, as shown in Fig. 1 (b) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . In the two-stage power converter structure, the output voltage is controlled by the first stage and the second stage is an unregulated converter, whose functions are to boost the input voltage, provide galvanic isolation while keeping high efficiency [11] . Therefore, it is extremely necessary to operate under high efficiency for the LCLC resonant converter [12] . It is known that the open-loop LCLC resonant converter is the first option to the second stage part of the high voltage DC/DC converter in the space TWTA application. Most of the existing researches of the open-loop LCLC resonant converter are only focused on how to achieve ZCS and ZVS to minimize the switching loss [11, 12] . However, the switching loss is only one part of the total power loss in the LCLC resonant converter. Actually, besides the switching loss, its total power loss also includes the driving and conduction loss of the main switches, the rectifier loss [13] , copper loss of the transformer [14] , core loss of the transformer [15] and the dielectric loss of the transformer [16] [17] [18] . As a result, in order to achieve high efficiency, the total power loss of the converter needs to be further optimized. However, because of the multiple resonant components and their mutual couplings, the optimization of the total power loss is very challenging. As a result, to the best knowledge of the authors, the analysis of the optimization of the total power loss is rarely reported.
Therefore, aiming to minimizing the total power loss of the LCLC resonant converter, a PSO-algorithm-based efficiencyoriented optimal design method for the LCLC resonant converter is proposed. In the optimal design method, all the power losses, are considered. In Section II, the total power loss of the LCLC resonant converter is calculated. After that, the total power loss is assigned as the objective function of the PSO algorithm, and optimized by the PSO algorithm. The optimal resonant components, including the leakage inductance (Lr), series resonant capacitance (Cs), parasitic capacitance of the transformer (Cp) and the magnetizing inductance (Lm) are derived. Finally, the LCLC resonant converter with the optimal parameters is built to realize the optimal design.
The rest of this paper is arranged as follows. In Section II, the working principles and the calculations of the main parameters of the LCLC resonant converter are summarized. In Section III, the proposed PSO-algorithm-based efficiency-oriented optimal design method is elaborated. At first, based on the equations in Section II, the total power loss of the LCLC resonant converter is calculated. After that, the total power loss is appointed as the objective function of the PSO algorithm and optimized by the PSO algorithm. In Section IV, the proposed optimal design method is validated by an example. Section V summarizes the whole paper.
II. PSO ALGORITHM BASED HIGH EFFICIENCY ORIENTED OPTIMAL DESIGN METHOD OF LCLC RESONANT CONVERTERS IN SPACE TRAVELLING-WAVE TUBE AMPLIFIERS APPLICATIONS

A. Derivation of the total power loss of the LCLC resonant converter in the space travelling-wave tube amplifiers
In this part, the power losses of the LCLC resonant converter, including the conduction loss of the rectifiers (PD), the driving loss of the main switch (Ps_dr), the conduction loss of the main switch (Ps_on), copper loss of the transformer (PT_Cu), core loss of the transformer (PT_Fe) and the dielectric loss of the transformer (PT_Die), are derived [2] . 
where kc, α and β can be found from the datasheet of the magnetic material. Ve is the volume of the core. As a result, the power loss of the resonant capacitance can be calculated by 
The conduction loss of the rectifiers can be calculated by
where Io is the output current, VD is forward voltage of the rectifier diode.
Based on the above analysis, combing (1), (2), (3), (4), (5), (6) and (7) 
B. PSO algorithm based efficiency oriented optimal design of the LCLC resonant converter in the space travelling-wave tube amplifiers In this part, the PSO algorithm-based efficiency oriented optimal design method of the LCLC resonant converter is elaborated [7] [8] . The flowchart of the optimal design method is shown in Fig. 3 . From the beginning of the optimal design, the size and the material of the magnetic core are selected based on the power rating and the switching frequency. Each step of the PSO algorithm is elaborated as follows:
Step 1: Initialization of the PSO algorithm In this step, the parameters of the PSO algorithm, Weight.start, Weight.end, kind and Vel.max, are initialized. The parameters of Number of the particles, N pa , is 20; the maximum iteration number in PSO, Max.Iteration, is 100.
Each particle is assigned with random Lr, Cp, Lm and Cs within the given range. The parameters of the converter are input into PSO. The equation of the total power loss, (6) , is assigned as the objective function of PSO.
Step 2: Calculation of the objective function (Ptot) In this step, the objective function of each particle, namely the total power loss, is calculated with (8).
Step 3: Update of global best value, personal best value,
Weight and Vel
The global best value of all particles, the personal best value of each particle, Weight and Vel are updated based on the total power loss and the corresponding restrictions.
Step 4: Repeat of Step 2 and Step 3 until the ending condition is satisfied
If the average objective function value is stable or the Max.Iteration is reached, the recycling process will be terminated.
Otherwise, Step 2 and Step 3 will be repeated.
Step 5: Output the optimal results, including optimal L r , C s , L m , C p and P tot After the recycling process of Step 2 and Step 3 is finished, the optimal Lr, Cs, Lm, Cp and Ptot are obtained, which are the outputs of the PSO algorithm. At this moment, the PSO algorithm comes to the end. After the total power loss is optimized by the PSO algorithm, the optimal L r , C s , L m , C p and P tot are derived. The LCLC resonant converter with the optimal parameters will be built to realize the optimal design results. In this part, an example is given to validate the PSO based efficiency oriented optimal design of the LCLC resonant converter. The parameters of the LCLC resonant converter, magnetic core and the switches are tabulated in Table I . The optimal L r , C s , L m , C p and P tot are calculated by the PSO algorithm, where P tot is appointed as the objective function. These parameters will be used in the PSO algorithm to optimize the LCLC resonant converter.
The variation of the total power loss with the number of iterations is shown in Fig. 4 . It can be seen that after 44 times iterations, the total power loss converges to a stable value, which is 8.9 W, which means the LCLC resonant converter has been optimized by the PSO algorithm.
III. EXPERIMENTAL VALIDATIONS OF THE PSO ALGORITHM BASED EFFICIENCY ORIENTED OPTIMAL DESIGN METHOD
The PSO-algorithm-based efficiency-oriented optimal design method is evaluated with the LCLC resonant converter shown in Fig. 5 . The waveforms of the resonant current, i r (t), the voltage of S 1 , v ds1 (t), and the driving signals of S 1 , v gs1 (t), are shown in Fig. 6(a) while the driving signal of S 1 , v gs1 (t), the voltage of D 1 , v d1 (t), and the current of D 1 , i d1 (t), are shown in Fig. 6(b) .
It can be seen from Fig. 6 (a) that when S1 is turned on, the voltage of S1, vds1(t), and the current of S1, ir(t), are zero. As a result, S1 operates under ZVS and ZCS (turn-on) condition. In addition, when S1 is turned off, the voltage of S1, vds1(t), and the current of S1, ir(t), are zero. As a result, S1 operates under ZVS and ZCS (turn-off) condition.
In addition, it can be seen from Based on the above analysis, it can be concluded that both the main switches and the rectifiers operate under ZCS and ZVS condition. In order to achieve high switching frequency and high efficiency, it is necessary to operate under soft-switching condition. The experimental waveforms of the driving signals of S1 and D1, vgs1(t) and vd1(t), the primary current and the secondary current, ip(t) and is(t), the voltages of S1 and S5, vds1(t) and vds5(t), are shown in Fig. 6 .
It can be seen from Fig. 6 (a) that before S1 is turned on, the voltage of S1, vds1(t) has decreased to 0. As a result, S1 operates under ZVS condition. Similar to S1; it can be seen from Fig. 6(b) that before S5 is turned on, the voltage of S5, vds5(t) has decreased to 0. As a result, S5 also operates under ZVS condition. The experimental results agree with the theoretical analysis.
IV. CONCLUSION
A PSO algorithm-based efficiency oriented optimal design method of the LCLC resonant converter as a DC transformer for the space Travelling-Wave Tube Amplifiers application has been proposed. The proposed optimal design method concentrates on the optimization of the total power loss with the PSO algorithm. The total power loss, including the driving loss, conduction loss of the switches, power loss of the resonant capacitances, the copper loss and core loss of the transformer, is optimized by the PSO algorithm and the optimal Lr, Cs, Lm and Cp are derived. After that, the optimal LCLC resonant converter will be realized by circuit design. Preliminary test has been finished and the soft switching of the main switches has been validated. Further experiments will be carried out to validate the effectiveness of the proposed optimal design method, which will be added in the final version.
